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ABSTRACT
Relationship of Shoe Wetness to Mechanical Performance
by
Sara Crawford
Dr. John A. Mercer, Examination Committee Chair
Professor of Kinesiology
University of Nevada, Las Vegas

The purpose of this study was to mechanically impact test shoes that underwent
both saturation and repetitive loading protocols to determine if these interventions
affected the impact absorption and energy return properties of a shoe. Six pairs of the
same make and model of shoe were divided into Control and Experimental Groups and
tested on an impact machine before and after undergoing a protocol. The repetitive
load protocol involved subjecting the shoes to impacts commensurate with a 5 km race.
The water saturation protocol involved soaking the shoes until reaching their maximum
saturation. The Control shoes underwent initial testing and post-repetitive load testing.
The Experimental shoes underwent initial testing, post-water saturation testing, and
post-repetitive load testing while water saturated. Dependent Variables (peak force,
peak acceleration, maximum displacement, dwell time, energy absorption, hysteresis
energy ratio) were compared using a two-way mixed Analysis of Variance (ANOVA) for
the Independent Variables of shoe group (two levels – control and experimental) and
repetitive loading (two levels – initial and post repetitive loading). The same Dependent
Variables were compared using a one-way repeated measures ANOVA for the
Independent Variable of time (initial, post-saturation, post-repetitive loading) in the
Experimental Group. It was determined that energy return (energy absorption,
iii

hysteresis energy ratio) was influenced by water saturation (p < 0.05) but not by
repetitive loading (p > 0.05) or the interaction of water saturation and repetitive loading
(p > 0.05). Impact protection was not influenced by any of the conditions. Runners
should be aware that wet shoes may be harder to run in and make efforts to avoid
saturation.
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CHAPTER 1
INTRODUCTION
Shoe mass and its effect on running has been the subject of a variety of
biomechanics-related research. 1-17 Shoe mass varies between types of shoes (e.g.,
minimalist, racing flats, training shoes) as well as different models and brands of shoes.
Generally, shoe mass is considered to be constant. However, there may be situations
that shoe mass changes during the course of a run. For instance, the accumulation of
mud and debris, or shoes becoming wet from sweat, puddles, rain, or various cooling
mechanisms (being sprayed with a hose or dumping ice on one’s body) could increase
shoe mass until the mud/debris dislodges or drying occurs. This unanticipated mass
may negatively affect performance outcomes.
Past research measured the effects of various footwear conditions and the
effects the associated change in mass had on metabolic cost, running economy,
running gait characteristics, and running performance.1-17 Footwear mass is important
because a 1 kg mass added distally to the lower limbs had a greater influence on
inertial properties (39%) and oxygen consumption (4%) than weight added proximally.15
Oxygen requirements and cost of transport increased by approximately 1% for every
100 g of extra mass added per shoe.6-9,11,12,17 Under the same added mass conditions,
performance during a 3000-m time trial decreased approximately 0.8%.12 These
reductions in performance and running economy occurred despite the individuals not
sensing any additional mass on their shoes or change in their level of effort.10,12,18
A limitation to the research to date is that running speed

1-8,10,11,13-17

or stride

length/rate19 were controlled between shoe mass conditions, or that the test involved
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running at near maximal speed.9,12 By controlling speed and/or stride length/rate, the
ability to capture the runner’s adaptation to the added weight (outside of physiological
and gait-related adjustments) may be missed. Furthermore, environmental conditions
such as rain may change the mass of the running shoe. It has been reported that when
shoes become wet, their shock absorption is influenced.
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However, there is a gap in

the literature regarding if the wetness of a shoe influences mechanical performance of
the shoe with respect to impact absorption and energy return, for example.
Purpose of the Study
The purpose of this study was to mechanically impact test shoes that underwent
both saturation and repetitive loading protocols to determine if these interventions
affected the impact absorption and energy return properties of a shoe.
Significance of the Study
During races occurring in hot ambient temperatures, athletes often cool
themselves by dousing their head or body with water or ice to keep their core
temperature from getting too high and limiting performance. This method of cooling
often results in wet shoes, which are heavier than dry shoes. Athletes may slow their
pace (consciously or unconsciously) to maintain the same perceived exertion when their
shoes become heavier. It would be beneficial for the athlete to be aware of any
tendency to slow down when shoe mass increases in order to minimize the affects on
race performance. Additionally, water saturation could alter the mechanical properties of
the shoe by providing less impact protection and/or reduced energy return. These
alterations could affect running economy and resultant impact forces. If the results of
this study show a large change in mechanical properties of the shoe when it becomes
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wet, an athlete may make a greater effort to keep their shoes dry in their cooling
attempts or choose a cooling method that poses no risk to making shoes wet.
Hypotheses
For the purposes of the statistical testing, the following hypothesis were made:
1. Peak force and peak acceleration will be influenced by water saturation and repetitive
loading protocols.
2. Maximum displacement and dwell time will be influenced by water saturation and
repetitive loading protocols.
3. Energy absorption and hysteresis energy ratio will be influenced by water saturation
and repetitive loading protocols.
Overall, it was expected that peak force, peak acceleration, maximum displacement and
dwell time would increase and that energy absorption and hysteresis energy ratio would
decrease when subjected to the water saturation and repetitive loading protocols.
Definition of Terms
Peak Force: The maximum force during an impact.
Peak Acceleration: The maximum acceleration during an impact.
Maximum Displacement: The maximum amount of shoe midsole compression.
Dwell Time: The amount of time the shoe midsole is displaced.
Energy absorption: The total potential energy change of the impacting mass.21
Hysteresis Energy Ratio: The ratio of hysteresis energy (energy loss during the
compression cycle) to the maximum energy applied.21
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CHAPTER 2
REVIEW OF RELATED LITERATURE
The purpose of this chapter is to provide the reader with a broad description of
the research related to the thesis topic. The chapter will cover why shoe mass
influences running economy. Furthermore, the chapter will address the magnitude of
changes in physiological responses, stride rate and length, and running performance
that is realized with heavier shoes.
Measuring an athlete’s running economy in different footwear conditions is a
common way to determine if the footwear affects the cost of transport. A lower VO2 for a
given running speed means less oxygen is required to maintain that speed and that the
runner is more economical. Stride rate and length may also change under different
footwear conditions. Stride rate and length are inversely related, so to maintain a given
speed, as stride rate increases, stride length must decrease and vice versa. A runner’s
preferred stride rate and length that they naturally choose usually results in the speed
with the lowest metabolic energy cost for that individual.5,22
When shoes become soaked with water, the footwear condition changes with the
increased mass, which may adversely affect all of the aforementioned running
mechanics. The purpose of this literature review was to summarize the research on
changes in shoe mass with the intent to apply and validate these findingsapply to water
saturated shoes.
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Mass Placement
Carrying additional mass affects running performance, and the location of that
added mass changes the magnitude of the effect. Mass added to different locations on
the lower extremity changes the moment of inertia about the hip during the swing phase
of the running gait. For instance, a 1.8 kg mass placed on the thigh increased the hip
moment of inertia by 1%.23 With that same mass placed on the shank or the ankle, the
moment of inertia increased by 18% and 39% respectively.23 Mass added to the foot or
ankle increases the cost of transport more compared to the same mass added to the
waist or thigh due to the greater distance from the center of rotation.15,19,23,24
It has been reported that an increased moment of inertia of the lower exteremity
requires more energy during gait to maintain a given pace.24 Researchers measured
changes in energy transfer along the lower extremity when adding mass to either the
thigh or the foot at a set running speed of 12 km/h. Energy transfer (Joules) increased
across the hip (4% and 5%), knee (6% and 15%) and ankle (13% and 27%) when mass
was added to the ankle (0.25kg) or the thigh (0.5 kg).24 The increase in energy is
directly related to an increase in work (Joules) at each of the joints (hip = 21%, knee =
24%, ankle = 21.5%).24 With a greater total mass of 3.6 kg added either to the waist or
to the ankle (1.8 kg each), the rate of energy consumption (J/min/kg) increased by
20.7% when mass was carried on the ankle.23 In another study, a 0.5 kg mass was
placed on either the thigh or the foot with the subject running. It was reported that the
VO2 required to maintain a speed of 12 km/h was 3% higher when the mass was placed
on the foot.15 This test was repeated with a mass of 1 kg, and VO2 increased by 4%
when carrying the mass on the foot.15 Adding the same mass to the torso resulted in an
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even greater difference in VO2. In comparing 2 kg on the waist to 1 kg on each ankle,
the VO2 required to maintain preferred stride length increased by 9% when mass was
located on the ankle.19 Although statistically significant (p < 0.05), heart rate did not
increase at the same rate as VO2 to match the increased load, with a difference of 2%
when comparing 1 kg per thigh to 1 kg per foot (ES = -0.25).15 Mass placement affects
the cost of transport and an increased effort will have to be exerted in order to maintain
speed. Despite increased physiological demands, gait pattern did not change
appreciably, possibly due to the neuromuscular system making automatic adjustments
to account for the change in inertia.24 Stride length was minimally changed at a constant
speed, with only a 1% difference between the 1 kg thigh and foot loading conditions.15
Controlling for stride length, the lowest VO2 occurred at a 1% longer than preferred
stride length with a 1 kg mass carried on each ankle compared to a 2 kg mass carried
around the waist.19
Physiological Responses
Different types of running shoes have different dry masses due to their design.
Running shoes from lightest to heaviest are generally classified as either minimalist,
racing flats (track spikes), or traditional (marathon) running shoes. Based on the
research comparing mass added distally to mass added proximally, it could be
concluded that the lightest shoe, or possibly even no shoe, would be economically
optimal.
Numerous studies produced similar results when comparing different types of
shoes. Minimalist (148 g) and traditional (341 g) running shoes were tested at 12 km/h,
eliciting a 3% increase in VO2 to maintain speed in the heavier shoe.17 Comparing these
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same types of shoes while having runners maintain three different submaximal speeds,
traditional (333 g) running shoes required an increased absolute VO2 over minimalist
(138 g) shoes: 11km/h (1% increase), 13 km/h (3% increase) and 15 km/h (3%
increase).9 Widening the research to other types of shoes, traditional (308 g) running
shoes required less VO2 than running in boots (888 g) at speeds of 8.9 km/h (11%),
10.5 km/h (9%) and 12.1 km/h (8%).13 In comparing running shoes to running shoes
with mass added to match the mass of the boots, VO2 increased by an average of 5%
to maintain these same speeds.13 The boots required an average of 1.6% more VO2 per
100 g, while the shoes with added mass to equal the boot mass required an average of
0.9% more VO2.13 Based on these results, running in boots requires a higher cost of
transport compared to running shoes with similar mass. This indicates that footwear
characteristics other than mass effect running economy (see Confounding Factors, p.
12). Studies comparing different types of shoes found an approximate 1.5% increase in
VO2 per 100 g of additional shoe mass in different types of shoes, with the increase
being more evident at higher speeds (Table 1).9,13,17
Other studies showed no change in VO2 when comparing dissimilar shoes. In
comparing barefoot (0 g) running and running in minimalist (148 g) shoes, no significant
(p > 0.05) change in VO2 was measured to maintain a pre-selected speed of 12 km/h.17
This lack of change could be due to the subjects’ familiarity with barefoot running and
low testing speeds, both of which could affect VO2 variability. In another study, subjects
began the test at a speed requiring 90% VO2max in either racing flats (311 g) or
traditional (538 g) shoes. After 15 minutes of running, VO2 was measured and found to
be 1.3% greater while wearing the training shoes.10 Comparing these results with the
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findings in the previously cited studies, a difference in mass of 227 g should have
required about a 2% increase in VO2.9,10,13,17
Shoe mass must be equalized to determine if different types of shoes have a
characteristic other than mass affecting VO2. Researchers added mass to a dive sock (a
neoprene bootie used inside of dive fins to keep a diver’s feet warm) in order to
maintain barefoot conditions, yet have an attachment point for the mass.6 Traditional
running shoes required 1% more VO2 to maintain a speed of 13 km/h despite mass
being equal.6 The authors concluded that running in a dive sock (simulating barefoot
running) may be more economical than shod running. Comparing minimalist shoes
matched for mass to typical running shoes, minimalist shoes were 2.87% more
economical.16 From these findings, one could surmise that shoe characteristics other
than mass affect the physiological response (see Confounding Factors, p. 12).
Isolating the effects of mass is important to evaluate how dynamic shoe mass will
affect VO2, therefore identical shoes should be used for these comparisons. Metabolic
power (W/kg) and VO2 both increased by 1% per 100 g added to the same shoe type at
a controlled speed of 12 km/h.8,12 At increased speeds of 13.8 and 14.9 km/h, with
various masses added to the same shoe type, VO2 increased by 1.2% for every 100 g
added to each foot.7 Adding a larger mass (580 g) to each of the same type of shoe
resulted in a VO2 increase of 5% at 8.9 km/h, 6% at 10.5 km/h, and 5% at 12.1 km/h.13
This equates to an increase in VO2 of approximately 0.9% for every 100g added per
shoe. A dive sock with 200 g added required 2% more VO2 than an unweighted dive
sock to maintain a speed of 13 km/h.6 To maintain the same speed, a traditional running
shoe with 200 g added required 4% more VO2 compared to the unweighted shoe.6

8

However, when shoe inserts were used to add mass (75 to 100 g), there was not a
significant difference (p > 0.05) in VO2 measured at either 14.5 km/h or 16.1 km/h.2 The
shoe inserts may have altered the cushioning properties of the shoe (see Confounding
Factors, p. 12).

Table 1. Summary of physiological responses to changes in shoe mass
between different types of shoes.
Increase in
Increase in
Shoe types
VO2
VO2 per 100g
Minimalist (148g)
Traditional (341g) 17
Minimalist (138g)
Traditional (333g) 9
Traditional (308g)
Boots (888g) 13

3%

1.6%

3%

1.5%

8%

1.4%

The majority of results demonstrated that running economy decreases at a rate
of 1% for every 100 g increase in shoe mass, regardless of the style of footwear (Table
1) 6-9,11-13,17 Despite the increased oxygen requirement, researchers have not found
significant differences in heart rate across the different types of footwear or shoes with
added mass.10,13,15 Minimal changes in heart rate may be due to VO2 being a more
sensitive physiological measure.
Stride Rate and Length
Runners decrease stride length by an average of 6% and increase stride rate by
approximately 4 to 5% when running barefoot compared to running in shoes. 6,17 These
changes occur because the foot needs to absorb the impact forces that are mitigated
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when wearing shoes with cushioning.3,6,8,17 Not controlling for mass leads to a higher
stride rate (3 to 6%) and lower stride length (5 to 7%) in barefoot running than running in
either minimalist (148 g) or traditional (341 g) running shoes.17 These results equate to
an approximate 2% decrease in stride rate and 3% increase in stride length for every
100 g of mass added.
Mass added to barefoot running causes a simultaneous increase in stride length
and a decrease in stride rate to maintain a predetermined speed. With a 200 g mass
added to a dive sock (barefoot condition) or a 200 g mass added to a traditional running
shoe, stride rate decreased by 1% at 13 km/h running speed.6 In a similar study,
comparing minimalist (138 g) to traditional running shoes (333 g) at speeds ranging
from 11 km/h to 15 km/h, stride rate increased 1% and stride length decreased 1 to 2%
in minimalist shoes as the speeds got higher.9
These adjustments of stride rate and length begin to disappear when comparing
different styles of running shoes. When wearing very light shoes with minimal
cushioning, such as minimalist and racing flats, runners tend to have higher stride rates
and lower stride lengths than when wearing more cushioned traditional running shoes.8
One study compared stride rates and lengths between barefoot, minimalist (184.2 g),
racing flats (195.5 g) and traditional (323 g) running shoes.3 While statistically significant
(p < 0.05), the differences in stride length (1% increase) and stride rate (1% decrease)
between traditional running shoes and the other types of shoes were minimal.3
Numerous studies found no difference in stride length or stride frequency in
different types of shoes matched for mass or in shoes of different masses.1,4,5,8 This
suggests that the body adjusts to the different inertial and cushioning properties of

10

various shoe types to maintain a preferred stride rate and length.5,15 Any changes in
shoe wetness that affect cushioning properties of shoes may also result in a runner
adjusting their preferred stride rate and length.
Running Performance
Runners train for and care about race results, and do not actively check their VO2
or stride length while running. They may monitor their heart rate or periodically count
their stride rate, but more often, runners monitor their speed in order to maintain their
desired pace.
While not significant (p > 0.05), 3000-m time trial performance improved by 2%
when wearing minimalist shoes (138 g) compared to traditional running shoes (333 g).9
This improvement may be due to factors other than shoe mass, since the study
compared different styles of shoes (see Confounding Factors, p. 12). By comparing a
racing flat in three conditions, (1) without added mass, (2) 100 g added to each shoe,
and (3) 300 g added to each shoe, researchers found that 3000-m time trial times
increased by 0.8% for each 100 g added to shoe mass.12
Even a small increase in time could be meaningful to the runner. A 0.8%
increase per 100 g per shoe translates to an increase of 16.8 seconds at 16 km/h or
28.8 seconds at 9.6 km/h over 3000-m.10 The 3000-m is run at an intensity near VO2max,
while longer races are paced at lower intensities; it is therefore difficult to determine if
the increase from this study would translate to a race longer than 3000-m. If the 0.8%
increase remained steady over the duration of a marathon, times would increase by 2
minutes 21 seconds at 16 km/h and 4 minutes 6 seconds at 9.6 km/h.12 Over longer
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distances, the added mass could cause an even greater decrease in speed due to the
cumulative effect of fatigue.
Confounding Factors
Many of these studies compared the effects of mass of different types of shoes
(barefoot, minimalist, racing flats, and training shoes). Different types of shoes have
characteristics that can be considered confounding factors when trying to isolate the
effects of mass. The makeup of the midsole can be designed with large amounts of
foam to provide maximum cushioning or small amounts to minimize added mass. These
different cushioning levels affect the way a runner impacts the ground. Maximal
cushioning, often found in training shoes, dissipates the impact of foot strike and
absorbs this energy rather than transmitting it through the foot and up the leg.1,9 Less
cushioning is prevalent in minimalist and racing flats to keep the mass lower. With less
cushioning and reduced arch support, the muscles of the body must respond to the
impact forces, requiring more energy.1,6,9,16,17
The longitudinal bending stiffness of the midsole shifts the center of pressure
forward and causes the runner to alter their foot strike, from heel to mid-foot, influencing
running economy.1,8 The Nike Vaporfly™ has a carbon fiber plate inserted into the
midsole to maximize the longitudinal bending stiffness. While wearing the Nike
Vaporfly™, matched in mass to a traditional running shoe, runners averaged 2.8% less
VO2 required for running speeds ranging from 14 to 18 km/h.1 In the same study across
the same range of speeds, track spikes (118 g) were compared to the Nike Vaporfly™
(205 g), with runners wearing the Nike Vaporfly™ requiring 2.5% less VO2 to maintain
speed despite the shoe weighing 87 g more.1 This non-typical shoe design improves
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running economy so much that the increased mass of the shoe is negated; however,
these results have only manifested in shoes with this design.
Numerous characteristics of shoe design, even when matched for mass,
influence running economy, as well as stride rate, stride length, and running
performance.1-17 In order to isolate mass as an independent variable, it is important to
use the same model of shoe for all trials to eliminate these confounding variables.
Isolating mass as the independent variable becomes even more important when
measuring the effects of dynamic weight.
Summary
Running with heavier shoes requires the physiological system to work harder to
maintain a fixed speed and increases the time to cover a set distance. Based on this
evidence, a runner may choose to wear a lighter pair of running shoes in order to be as
economical as possible. However, these shoes can still gain parasitic mass when they
become wet or muddy. Research has not explored the amount a runner will slow down,
given the freedom to choose their own speed, because of the greater physiological
stress and higher energy cost of heavier shoes. Additionally, water saturation could alter
the mechanical properties of the shoe by providing less impact protection and/or a
reduced rebound (energy return). These alterations could affect running economy and
resultant impact forces.
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CHAPTER 3
METHODS
Shoe Characteristics
Six pairs of Hoka One One Bondi 7 ® brand shoes, in a variety of men’s and
women’s sizes, were tested in the study (Table 1). One shoe from each pair was
randomly assigned to the Control Group or the Experimental Group, ensuring there was
an equal number of left and right shoes in each group. The shoes assigned to the
Experimental Group included a water saturation protocol whereas the Control Group
shoes did not.
Instrumentation
All dependent variables were measured utilizing an Impact Plus 5.06 Falling
Weight Impact Machine (Exter Research, Brentwood, NH) (Figure 1) linked to a
Microsoft Windows desktop computer. The impact machine missile head diameter was
45 mm and had a mass of 8.5 kg, which applies a maximum impact energy of 5 J. The
current room temperature and relative humidity were input, and shoe thickness at the
heel was measured prior to each impact test. The drop height was set to 50 mm for 25
pre-impacts followed by the five impacts where data were recorded.
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Figure 1. Image of the impact tester used (Impact Plus 5.06 Falling
Weight Impact Machine, Exter Research, Brentwood, NH). The shoe
tested was placed in a bag to protect the instruments from exposure to
any water.

A repetitive loader (Figure 2) with a set impact frequency of 1 Hz was used for
the repetitive loading protocol. Each weight was 8 kg with maximum drop height of 60
mm, resulting in a maximum energy potential of 4.68 J and maximum striking velocity of
1.09 m/s.
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Figure 2. Repetitive Loader used in repetitive loading protocol to simulate a 5 km race.

Procedures
A flow chart of the test protocol for the Control and Experimental shoes is
presented in Figure 3. Prior to any impact testing, all shoes were placed in a waterproof
plastic bag (regardless of Control or Experimental; Figure 1). All impact testing and
repetitive loading were directed towards the heel of the shoe.
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Figure 3. Testing protocol flow chart. Shaded blocks delineate collection
of dependent variables.

Control and Experimental shoes were weighed and impact tested when dry.
Following impact testing, Control shoes underwent a repetitive loading protocol. Control
shoes were impact tested again after the repetitive loading protocol. Experimental
shoes underwent a water saturation protocol followed by a repetitive loading protocol
while still in a soaked condition. Experimental shoes were impact tested after the water
saturation protocol (pre-repetitive loading) and again after the repetitive loading
protocol.
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Repetitive Loading Protocol
Three shoes were placed in the repetitive loader for a cycle (Figure 2). To
simulate a 5 km run, the repetitive loader ran for 2232 foot strikes (90 strikes per min for
one foot x 8 min per mile x 3.1 miles).
Water Saturation Protocol
The Experimental shoes were fully submerged (weighing shoes down was
required) in a bin of water for two hours in order to maximally saturate the shoes (Figure
3). The time duration to reach maximum saturation was determined from pilot testing
which determined that shoes reached a maximum saturation by the 120 minute point
regardless of dry shoe weight or cushioning amount.

Figure 4. Picture of water saturation protocol and drip dry set up.
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Following the water saturation protocol, Experimental shoes were lifted out of the
water and excess water was allowed to run off for 20 seconds. After sitting for an
additional two minutes on a drying rack, they were placed in a small trash bag and were
weighed and impact tested in the soaked condition. Following the post-water saturation
impact testing, Experimental shoes were again placed in the bin of water until they
reached maximum saturation (verified by weight). After this second water saturation, the
Experimental shoes were subjected to the same repetitive loading protocol as the
Control shoes. Once again, the Experimental shoes were submerged in water until
reaching their maximum saturation prior to post-repetitive loading impact testing.
Data Reduction
The dependent variables were the measurements recommended by American
Society of Testing and Measurement (ASTM) Standard Test Method for Impact
Attenuation Properties of Athletic Shoes Using an Impact Test (ASTM F1976-06). 26 The
sample rate of the impact tester was set at 3000 Hz with a frequency cutoff of 30 Hz.
Peak force (N), peak acceleration (g), maximum displacement (mm), dwell Time (ms),
energy absorption (J), and hysteresis energy ratio (%) were recorded for each impact
and averaged across the five impacts for each shoe. Dependent variables were
averaged across the five impacts for each condition.
Statistical Analysis
Dependent variables were: peak force (N), peak acceleration (g), maximum
displacement (mm), dwell Time (ms), energy absorption (J), and hysteresis energy ratio
(%). Two analyses were conducted: Analysis 1 was conducted to compare the Control
and Experimental shoes at initial (both dry) and post-repetitive loading (Control dry and
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Experimental wet). In this analysis, the independent variables were Shoe Group and
Time (pre- and post-repetitive loading). Analysis 2 was conducted only for the
Experimental Shoes. Specifically, to compare the Dependent Variables for the
Experimental Shoes across the three impact testing conditions (initial, post-water
saturation (pre-repetitive loading), post water saturation + repetitive loading). SPSS 27
Statistics software (IBM; Armonk, NY) was utilized for all analyses.
Analysis 1
Two-way mixed Analysis of Variance (ANOVA) were conducted for each of the
six Dependent Variables (alpha = 0.05). The Independent Variables were the shoe
group (two levels – control and experimental) and repetitive loading (two levels – initial
and post repetitive loading). If there was an interaction between Group and Time, a
Sidak test was used for post hoc analysis. Sample effect size was reported utilizing
partial eta squared (partial η2), with a value of 0.01, 0.06, and 0.14 representing a
small, medium and large effect size respectively.
Analysis 2
One-way repeated measures ANOVA were used for each of the six Dependent
Variables (alpha = 0.05). If there was a significant omnibus F-ratio, Sidak post-hoc tests
were run to determine differences between times. Sample effect size was reported
utilizing partial eta squared (partial η2), with a value of 0.01, 0.06, and 0.14
representing a small, medium and large effect size respectively.
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CHAPTER 4
RESULTS
Shoes were significantly heavier after the soaking protocol (as determined by
dependent t-test), increasing from an average weight of (mean±standard deviation)
309.7 ± 39.3 g to 482.0 ± 62.6 g, resulting in a total average increase of 173 g
(p<0.001), with the increase ranging from 122 to 214 g per individual shoe.

Table 2. Descriptive Data. Means and standard deviations for mass and heel
thickness of all shoes when dry.

Control Shoes
n
Avg Mass (g)
Avg Heel Thickness (mm)

6
311.3 ± 43.9
40.2 ± 2.2

Experimental
Shoes
6
309.7 ± 43.1
39.7 ± 1.8

Analysis 1
Peak Force
Peak force was not influenced by the interaction of Shoe Group and Loading Condition,
(F(1, 10) = 0.03, p = 0.874, partial η2 = 0.003, Figure 5). Peak force was not influenced by
the main effect of Loading Condition (F(1, 10) = 1.232, p = 0.293, partial η2 = 0.11) or the
main effect of Shoe Group (F(1, 10) = 0.086, p = 0.775, partial η2 = 0.997).
Peak Acceleration
Peak acceleration was not influenced by the interaction of Shoe Group and Loading
Condition (F(1, 10) = 0.03, p = 0.875, partial η2 = 0.003, Figure 5). Peak acceleration was
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not influenced by the main effect of Loading Condition (F(1, 10) = 1.232, p = 0.293, partial
η2 = 0.11) or the main effect of Shoe Group, (F(1, 10) = 0.087, p = 0.775, partial η2 =
0.997).
Maximum Displacement
Maximum displacement was not influenced by the interaction of Shoe Group and
Loading Condition (F(1, 10) = 3.637, p = 0.86, partial η2 = 0.267, Figure 5). Maximum
displacement was not influenced by the main effect of Loading Condition (F(1, 10) =
8.616, p = 0.15, partial η2 = 0.463) or the main effect of Shoe Group (F(1, 10) = 0.307, p =
0.592, partial η2 = 0.030).
Dwell Time
Dwell time was not influenced by the interaction of Shoe Group and Loading Condition
(F(1, 10) = 1.243, p = 0.291, partial η2 = 0.111, Figure 5). Dwell time was significantly
influenced by the main effect of Loading Condition (F(1, 10) = 6.524, p = 0.029, partial
η2 = 0.395). Dwell time was not influenced by the main effect of Shoe Group (F(1, 10) =
0.018, p = 0.896, partial η2 = 0.002).
Energy Absorption
Energy absorption was significantly influenced by the interaction of Shoe Group and
Loading Condition (F(1, 10) = 8.237, p = 0.017, partial η2 = 0.452, Figure 5). Using post
hoc testing, energy absorption was not different between the Control shoes compared
to the Experimental shoes (Table 3) with a mean increase of 0.05 J (p = 0.163) for the
post-repetitive loading test. Energy absorption was not different between Shoe Groups
for the initial compared to post-repetitive loading (Table 3) with a decrease of 0.05 J (p =
0.072).
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Hysteresis Energy Ratio
Hysteresis energy ratio was influenced by the interaction of Shoe Group and Loading
Condition (F(1, 10) = 6.344, p = 0.03, partial η2 = 0.388, Figure 5). Using post hoc testing,
hysteresis energy ratio was greater in the Control shoes compared to the Experimental
shoes (Table 3) with a mean decrease of 2.86% (p = 0.012) for the post-repetitive
loading test. Hysteresis energy ratio was not different between Shoe Groups (p= 0.135)
for the initial compared to post-repetitive loading (Table3).

Table 3. Summary of Analysis 1 Dependent Variable Means and Standard Deviations.
Control
Initial

Experimental
Initial

719.72 ± 55.82

Control
PostRepetitive
Load
727.64 ± 41.14

Experimental
PostRepetitive
Load
736.68 ± 38.83

715.00 ± 48.52
8.58 ± 0.58

8.63 ± 0.67

8.73 ± 0.49

8.84 ± 0.48

14.37 ± 0.98

14.51 ± 0.95

14.13 ± 0.91

13.41 ± 1.13

49.36 ± 3.63

49.89 ± 3.16

48.37 ± 2.59

47.37 ± 3.44

5.37 ± 0.05

5.39 ± 0.04

5.39 ± 0.06

5.26 ± 0.12

49.71 ± 2.18

48.75 ± 1.73

50.38 ± 2.07

45.62 ± 3.24

Variable
Peak Force
(N)
Peak
Acceleration
(g)
Maximum
Displacement
(mm)
Dwell Time
(ms)
Energy
Absorption
(J)
Hysteresis
Energy
Ratio (%)
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Figure 5. Illustration of Analysis 1 Results. Means and standard errors for peak force,
peak acceleration, maxiumum displacement, dwell time, energy absorption and
hysteresis energy ratio are presented for each condition. Note: ** denotes p < 0.05 for
interaction. * denotes p < 0.05 between control and experimental shoes in the postrepetitive loading condition.

Analysis 2
Peak Force
Peak force was not influenced by the main effect Time (F(2, 10) = 0.745, p = 0.5, partial
η2 = 0.13, Figure XXX). Specifically, peak force was not influenced by soaking or
repetitive loading.
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Peak Acceleration
Peak acceleration was not influenced by the main effect Time (F(2, 10) = 0.745, p = 0.5,
partial η2 = 0.13, Figure 6). Specifically, peak acceleration was not influenced by
soaking or repetitive loading.
Maximum Displacement
Maximum displacement was significantly influenced by the main effect Time (F(2, 10) =
8.03, p = 0.008, partial η2 = 0.616, Figure 6). Post hoc analysis with a Sidak adjustment
revealed that there was a decrease in maximum displacement pre-intervention to postsoak (Table 3), a not significant mean decrease of 1.48 mm, SE = 0.47, p = 0.073.
There was a decrease in maximum displacement pre-intervention to post-repetitive load
(Table 3 ), a not significant mean decrease of 1.1 mm, SE = 0.37, p = 0.088. There was
an increase in maximum displacement post-soak to post-repetitive load (Table 3), a not
statistically significant mean increase of 0.385 mm, SE = 0.3, p = 0.584.
Dwell Time
Dwell time was significantly influenced by the main effect Time (F(2, 10) = 5.021, p =
0.031, partial η2 = 0.501, Figure 6). Post hoc analysis with a Sidak adjustment revealed
that there was a decrease in dwell time pre-intervention to post-soak (Table 3), a not
significant mean decrease of 2.86 ms, SE = 1.12, p = 0.147. There was a decrease in
dwell time pre-intervention to post-repetitive load (Table XX), a not significant mean
decrease of 2.52 mm, SE = 0.89, p = 0.104. There was an increase in dwell time postsoak to post-repetitive load (Table 3), a non-significant mean increase of 0.335 mm,
SE = 0.933, p = 0.981.
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Energy Absorption
Energy absorption was significantly influenced by the main effect Time (F(2, 10) =
6.478, p = 0.016, partial η2 = 0.564, Figure 6). Post hoc analysis with a Sidak
adjustment revealed that there was a decrease in energy absorption pre-intervention to
post-soak (Table 3), a significant mean decrease of 0.12 J, SE = 0.03, p = 0.028. There
was a decrease in energy absorption pre-intervention to post-repetitive load (Table 3), a
not significant mean decrease of 0.13 J, SE = 0.05, p = 0.125. There was a decrease in
energy absorption post-soak to post-repetitive load (Table 3), a not significant mean
decrease of 0.131 J, SE = 0.05, p = 0.125.
Hysteresis Energy Ratio
Hysteresis energy ratio was significantly influenced by the main effect Time (F(2, 10) =
9.35, p = 0.005, partial η2 = 0.653, Figure 6). Post hoc analysis with a Sidak adjustment
revealed that there was a decrease in energy absorption pre-intervention to post-soak
(Table 3) a significant mean decrease of 4.36%, SE = 0.75, p = 0.006. There was a
decrease in energy absorption pre-intervention to post-repetitive load (Table 3), a not
significant mean decrease of 3.13 %, SE = 1.1, p = 0.116. There was an increase in
hysteresis energy load post-soak to post-repetitive load (Table 3), a not significant
mean increase of 1.28%, SE = 1.17, p = 0.715.
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Figure 6. Illustration of Analysis 2 results. Means and standard errors for peak force,
peak acceleration, maxiumum displacement, dwell time, energy absorption and
hysteresis energy ratio are presented for each condition. Note: * denotes p < 0.05
between initial and post-saturation conditions.
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Table 4. Summary of Analysis 2 Dependent Variable Means and Standard Deviations.

Variable

Initial

Peak Force (N)
719.72 ± 55.82
Peak Acceleration (g)
8.63 ± 0.67
Max Displacement (mm)
14.51 ± 0.95
Dwell Time (ms)
48.89 ± 3.16
Energy Absoprtion (J)
5.39 ± 0.04
Hysteresis Energy Ratio (%)
48.75 ± 1.73
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PostSaturation

PostRepetitive Load

717.54 ± 34.3
8.61 ± 0.41
13.02 ± 1.45
47.03 ± 4.79
5.28 ± 0.06
44.39 ± 1.48

736.68 ± 36.69
8.84 ± 0.48
13.41 ± 1.13
47.37 ± 3.44
5.26 ± 0.12
45.62 ± 2.28

CHAPTER 5
DISCUSSION
Energy return properties of the shoes tested were negatively affected by shoe
wetness. Specifically, energy return decreased between the initial and post-saturation
impact tests. Based on the analysis of the data, there will be less energy return when
shoes are wet compared to when they are dry. Interestingly, repetitive loading of water
saturated shoes for a 5k race simulation did not result in any additional decline in
cushioning properties. Although energy return was influenced, impact absorption
properties (peak force, peak acceleration, max displacement and dwell time) were not
affected by shoe wetness. This data analysis indicates that the shoes would absorb the
same amount of impact regardless of how wet they become. Repetitive loading of both
dry and water saturated shoes for a 5k race simulation did not affect impact test
characteristics.
The peak force observed during initial (719.72 ± 55.82 N), post-saturation
(717.54 ± 34.3 N) and post-repetitive load (736.68 ± 36.69 N) conditions was lower than
previously reported values using the same testing technique. Forrest et al. reported
1886.69 ± 32.582 N; however, the shoes in that study had midsoles made of
polyurethane while the midsoles of the shoes in this study were made of ethylene vinyl
acetate (EVA).27 EVA midsoles have been reported to have greater cushioning
properties which would make a difference in peak force readings.28 Numerous studies
measured peak force on EVA midsoles, reporting values of 921.10 ± 16.96 N
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, 918.2

N 28, 1061.5 ± 13.7 N 30, and 992 ± 92 N 31. However, Price et al. and Wang et al.
reported shoe material thicknesses of 27 mm and 28 ± 2 mm respectively. 28,30 These
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thickness values are substantially lower than the 40 ± 2 mm measured for the shoes
used in this study. An additional ~12 mm of cushioning would be able to absorb more
impact. When the peak force values from this study were compared to those collected
from other maximal shoes in research by Borgia et al. (710.70 ± 17.93 N), the results
were comparable.32
The peak acceleration observed during initial (8.63 ± 0.67 g), post-saturation
(8.61 ± 0.41 g) and post-repetitive load (8.84 ± 0.48 g) conditions was lower than
previously reported values using the same testing technique. Forrest et al. (22.74
±0.390 g)27, Price et al. (12.95 ± 0.163 g)30, and Pisciotta et al. (11.84 ± 2.14 g)33. As
detailed above, these studies measured shoes with less cushioning than those used in
the current study. Again, when compared to results obtained when testing other
maximal shoes by Borgia et al. (8.52 ± 0.21 g), the numbers are similar.32
The maximum displacement observed during initial (14.51 ± 0.95 mm), postsaturation (13.02 ± 1.45 mm) and post-repetitive load (13.41 ± 1.13 mm) conditions was
higher than one previously reported value using the same testing technique. A lower
number was reported (12.4 ± 1.1 mm), with no details on the type of shoe given. 31 It is
likely that the shoes used in the present study had a greater midsole thickness since
maximal cushioning shoes were largely not available at the time that Schwanitz et al.
work was done.31
Dwell time was not found reported in any studies reviewed so a comparison
cannot be made. Energy absorption was reported as shock absorption in one study;
however, the impact machine that was utilized was substantially different from the one
used in this study. Specifically, the shoe was placed at an angle of 15 degrees from
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horizonal in the testing machine and therefore, the impact energy was measured at 10.5
± 1.4 J while the present study, using the Standard Test Protocol resulted in values of
5.39 ± 0.04 J in the initial testing condition. 20, 21
The hysteresis energy ratio observed during initial (48.75 ± 1.73 %), postsaturation (44.39 ± 1.48 %) and post-repetitive load (45.62 ± 2.28 %) conditions were
slightly lower than previously reported values using the same testing technique. Also
reported as energy return, studies testing EVA midsoles found hysteresis energy ratio
values of 51.0 ± 2.0 %29, 50.8 to 51.7 %28, and 50.1 ± 4.6 %31. Again, these shoes
were not as thick as the shoes used in the current study, so more energy was
conserved due to less cushioning. Forrest et al. reported a lower hysteresis energy ratio
(40.05 ± 2.190 %), with the difference likely due to dissimilar midsoles (polyurethane vs.
EVA).27
Overall, the data recorded and analyzed in the present study are comparable to
other research when shoe midsole thickness was comparable. Data were reasonable
for peak force, peak acceleration, maximum displacement and hysteresis energy ratio.
Nevertheless, there were several confounding factors considered when interpreting the
results. For example, all testing was done with the shoe insole in place, as
recommended by the Standard Test Method for Impact Attenuation Properties of
Athletic Shoes Using an Impact Test.26 It is not clear if any water saturation outcome
would have been different if the insoles were removed during the water saturation
protocol and/or testing. The insoles could have resulted in a greater amount of water
absorption, which may have affected the energy return measurements (dwell time,
energy absorption, hysteresis energy ratio) of the shoe in the post-saturation condition.
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For this study, the insoles were purposefully left in the shoes to more realistically
simulate a real-world setting where a runner would have insoles in the shoes while
running and the insoles would become saturated when water was introduced.
We did consider the number of impact tests per shoe as a possible confounding
factor. Specifically, impact testing included five drop tests with the average value taken
for analysis. Raising the number of drops or testing the shoes more than one time for
each condition could change the results. However, the Standard Test Method for Impact
Attenuation Properties of Athletic Shoes Using an Impact Test delineates that the
average and standard deviation of five impact cycles should be utilized as part of the
reporting criteria.26 Other studies have also used five drops for data collection and
averaged those values.28-31 For this study, the data for individual drops were plotted and
qualitiatively inspected for outliers with no data being removed. It can be assumed that
more impact cycles would result in data within the current standard deviations. The
challenge of multiple drops is that each impact has the potential to reduce water
saturation. Future study may be needed to determine if impact characteristics change
with each impact.
It has been conjectured that water saturated shoes would provide less energy
return until they dry out.34 Once the shoes become dry, they would have a similar
energy return to that prior to the soaking.34 Based upon the analysis of the present
study, it seems that water saturated shoes lose energy return properties but maintain
impact absorption characteristics. Additionally, it seems that shoes must accumulate
mileage for distances greater than 5 km for impact absorption and/or energy return shoe
characteristics to be affected.

32

In layman’s terminology, the results of this study could be described to the runner
that when their shoes become wet, they will have less “spring”, but will still have
protection from the jarring forces of running. This means the runner will have to work
harder to make up for the lack of springiness in order to maintain the same speed. The
shoe will not be “helping” the runner as much as it was designed to in a dry condition.
The results of this study are limited by testing only one model of shoe. It is not
known how other models and/or manufacturers would respond to water saturation
and/or repetitive loading protocols. The same make and model of shoe in a variety of
different sizes and weights in both men’s and women’s models were used during this
investigation. The heel thickness was similar for all of these shoes, with a standard
deviation of 2 mm. These maximal shoes are considerably thicker (approximately 10-13
mm) than the traditional running shoe.28,30,32 It is possible for impact absorption and
energy return properties to change independently of each other. Shoes that have
maximal cushioning to maximize impact absorption often sacrifice energy return and
minimal cushioning shoes may have excellent energy return but lack impact absorption
properties.35 Additionally, various insole, midsole and outsole materials utilized to
achieve these properties may absorb water and be affected by mileage accumulation
differently. Further testing should evaluate more and less cushioned shoes to better
understand any potential influence of water saturation tendencies of dissimilar materials
on impact protection and energy return.
Another limitation is that the repetitive loading represented a 5 km run and it is
not known if the results would be different if the simulated run was longer. Based upon
analysis of the results, there was not an acute response to shoe properties after
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repetitive loading equivalent to a 5 km distance run. Shoe properties would not be
expected to deteriorate after 5 km as running shoes are designed to be more resilient.
It has been reported that shoe characteristics do change after more mileage is
accumulated. After simulating 500 km of running mileage utilizing a hydraulic machine,
Cook et al. found that shoes only retained 53.2 ± 2% of their shock absorption. 34 Using
an impact tester identical to that used in this study, Wang et al. found that peak force
increased by 4.88%, yet energy return was unchanged, after 500 km of in vivo running
mileage was accumulated on the shoes.29 Perhaps if a longer loading protocol were
implemented (half or full marathon distance), there would be an interaction effect
between repetitive loading and wetness on parameters such as peak force and
hysteresis energy ratio. In the previously mentioned study, Cook et al. found shoes still
have 85% of their shock absorption and cushioning characteristics after 50 miles,
approximately 16 times the distance of the current study.34
The repetitive loader may not be the most ideal method to accumulate shoe
mileage. The drop height of the weight, and therefore the energy with which the weight
impacts the shoe, will differ based on material thicknesses. In this study, the shoe heel
was very thick (approximately 40 mm) compared to a more traditional running shoe
(approximately 30 mm), so the repetitive loader had 10 mm less distance to drop the
weight. This resulted in only 33% of the total energy being applied to these maximal
shoes, which would make the repetitive loading less effective. In comparison, a more
traditional running shoe would receive approximately 50% of the total energy. However,
regardless of how much energy reached the heel of the shoe used in this study, a
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simulated distance of greater than 5 km is necessary to have any effect on shoe impact
absorption or energy return properties.
Only the heel area of the insole was repetitive loaded and impact tested for this
study. Testing midfoot and forefoot areas may show more widespread effects for water
saturation and repetitive loading. However, the majority of runners land with a heel
strike, so this is the area of the insole that would be most greatly affected by repetitive
loading. Additionally, the majority of shoe cushioning is in the heel of the shoe, so it
would be expected that this area would absorb more water than the midsole or forefoot
areas.
Field testing could provide different results for impact protection and energy
return properties. Shoes for this study were only tested at maximum water saturation.
In reality, shoes would not stay at maximum saturation for an extended time under most
circumstances. As a runner continued to run after being exposed to water, the water
would be forced out of the shoe with each impact. There could be a limit where a certain
amount of water would have a negligible influence on energy return properties. Knowing
how much water saturation is negligible and how much is detrimental would help further
inform runner decisions, for example cooling strategies and puddle avoidance.
In summary, water saturated shoes have an increased mass, which has been
shown to increase a runner’s oxygen consumption and cost of transport, and decreases
performance.1-17 If possible, runners should attempt to avoid or minimize shoe contact
with water. Keeping running shoes as dry as possible will help avoid these negative
consequences. If shoes do get wet during one running session, every effort should be
made to dry those shoes out prior to the next training session.
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It is concluded that shoes saturated with water will not provide the same energy
return as they do when they are dry, but will provide the same impact protection. Given
that this study was focused on mechanical testing of shoes, a next step in this research
is to test how runners respond to running in wet shoes. For example, the follow-up
research could focus on whether or not there are any changes in run performance due
shoe water saturation, such as: biomechanics, perceived exertion and preferred running
speed.
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CURRICULUM VITAE
Sara Lyn Crawford
Sara.crawford95@yahoo.com
_____________________________________________________________________
EDUCATION:
2019 – Present M.S. Kinesiology
GPA: 4.0
University of Nevada, Las Vegas
Las Vegas, Nevada
2017 - 2018

B.S. Kinesiology
GPA: 4.0
University of Nevada, Las Vegas
Las Vegas, Nevada

2001 - 2002

M.S. Aeronautical Science (Aeronautics and Safety)
Graduated With Distinction
Embry-Riddle Aeronautical University
Extended Campus, Panama City, FL

1991 - 1995

B.S. Oceanography
Graduated With Merit
United States Naval Academy
Annapolis, MD

RESEARCH INTERESTS:
BIOMECHANICS:
- Evaluate running form to reduce injury risk
- Assess the efficiency of various swimming styles
- Measure pedaling cadence and power to maximize speed and minimize
fatigue
PHYSIOLOGY:
- Effects of various strength training programs on triathlete performance
- Improve triathlete performance by evaluating innovative training
methods
- Delay triathlete fatigue by calculating sweat rates and assessing fueling
strategies
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RESEARCH EXPERIENCE:
2018 Nevada IdEA Network of Biomedical Research Excellence (INBRE)
Undergraduate Research Opportunity Program, University of Nevada, Las Vegas
Research Focus:
- Muscle fatigue and subsequent mechanical cost of walking gait
Methodology:
- Collision-based analysis utilizing force instrumented walkway
Scholarly Product:
- Professional poster presentation at Nevada INBRE Statewide Meeting
Research Advisor:
- Dr. David Lee
RESEARCH FUNDING:
2018 ($4500) Nevada INBRE Undergraduate Research Opportunity Program Award
PROFESSIONAL PRESENTATIONS:
2018 Crawford, S., Isaacs, M., & Lee, D. “Fatigue Effects on Human Walking
Dynamics.” Poster Presentation at Nevada IdEA Network of Biomedical
Research Excellence Statewide Meeting, Reno, NV.
TEACHING EXPERIENCE:
2018

Undergraduate Teaching Assistant
BIOL 223 Anatomy and Physiology Lab
University of Nevada, Las Vegas

PROFESSIONAL CERTIFICATIONS:
2020 - Present
2019 - Present
2019 – Present
2019 – Present
2016 - Present
2015 - Present

USAT Level 2 Coach Certification
ACSM Certified Exercise Physiologist
USAT Category 4 Official
US Masters Swim Level 2 Coach Certification
Training Peaks Level 2 Coach Accreditation
IRONMAN Coach Certification

COMMUNITY SERVICE:
2016 – Present Volunteer with BBSC Endurance Sports for local triathlons
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ACADEMIC AND PROFESSIONAL MEMBERSHIPS:
2019 - Present
2016 - Present
2015 - Present
2003 - Present

US Masters Swimming
American College of Sports Medicine
IRONMAN Coaching Association
USA Triathlon

PROFESSIONAL EMPLOYMENT:
2016 - Present Triathlon Coach/Business Owner
Nitro Triathlon Coaching, LLC
2013 - 2016

Training and Manpower Supervisor
United States Navy

1998 - 2013

Helicopter Instructor Pilot
United States Navy
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